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Abstract 

During t he  muse of a series of b a l k o n  f l i q h t s  w i t h  Cerenkov-scintill- 

i ation counters desiqned to measure the energy spectrum of charqed prlmary 
comic ray nuclei  it has been posslble to set lmits on the  quiet  tune solar 
miss ion  of neutrons in the  approxmate enerqy ranqe above 60 kV. These 
limits (which are nearly an order of mqnitude smaller than previously re- 
ported), were obtained by m r m q  the ln tens i ty  of secondary protons a t  
= 1 2  g/an atmospheric depth near the equator as measured on tvm balloon -///' 

f l i g h t s  - one w i t h  t he  detector telescope oriented ver t ica l ly  and the other 
I 

with the  detector  telescope oriented a t  a zenith -le of .. SO" and rotatinq 

in azimuth. I 
angle 90Q to the sun. 

the detector  was p o i n t h  a t  the sun allcrws us  to set a 2 o l h t  of 

protons/m -ster-sec m the  enem rdqe 60-320 MeV as be- produced i n  the 
atmosphere above t he  detector by solar  neutrons. 

of proton production by neutrons in 1 2  q/m of air we are able to set an 
2 upper l i m i t  of 24 solar neutrons/m -sec 

neutron spectnm a t  the earth : E-2. Further details on the lMts of solar 
neutrons i n  various d i f f e ren t i a l  enerqy intervals are presented and these 

r e s u l t s  are ocmpared w i t h  other observations. 

I 

2 

This latter telescope a l te rna te ly  pointed a t  the sun and a t  an 
The absence of any excess secondary proton f lux  when 

1.0 
2 

Cons ide rw the  eff ic iency I 

2 I 

100 MeV, assunhq a d i f f e r e n t i a l  
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Despite a considerable history of studies directed toward the observation 
of neutrons fran the sun, until recently no positive evidence for these particles 
existed. On the basis of measurevents of star production in an emulsion flown 
on March 23, 1962, Apparao et.al., (19661, claim a flux of 465 + - 190 neutrons/ 
m -sec fm the sun in the enerqy irterval 20-160 MeV. This measmnent 
occurred some 6-12 hours after an optical flare of maqnitude 3 ,  however since 

2 

no particle intensity variations or qeophysical effects wexe recorded at the 
earth, it is probably more appropriate to consider this observation as applyhq 
to quiet sun conditions. In any case such a larqe flux of hiqh enemy neutrons 
has rather siqnificant implications rwardinq the maqnitude of hiqh enerqy 
nuclear processes on the sun. 
of the primary cosnic ray flux at hiqh latitudes it actually exceeds the flux 
of primary cosnic ray nucleons near the eauator! It is nevertheless lower than 
any previous limit placed on hiqh enerqy neutrons from the sun: either at auiet 
times or durinq flare conditions, and is ccinparable with the upper limit of 
100 neutrons/m -sec, (for neutrons of enemy between 1 and 20 WV) , set in a 
recent satellite experiment by Bame and Asbridqe, (1966). These relatively 
high limits attest to the difficulties involved in detectinq and measurinq the 

Althouqh the above neutron intensity is 10% 

2 

enerqy of neutrons in the presence of the primary cosmic ray backqmund. 
may also be noted here that if neutrons are produced at the sun w i t h  enerqies 
extending up to a few hundred WV, the hiqh enerqy ones will have the hiqhest 
probability of reachinq the earth without decay. The ccmpetition between the 
production spectrum of neutrons at the sun, assumed to be risinq towards lower 
enerqies, and the decay of the neutrons in travellinq to the earth will produce 
a differential neutron spectrum with a m a x b  in the enerqy ranqe 40-80 luteV 

at the earth-this maximum m i n q  to higher enerqies for flatter production spectra# 
Because the spectrum observed at the earth is dcminated by the decay of the 
neutrons at law enerqies it will fall off exponentially thus qreatly diminishinu 
the likelihood of observinq any solar neutrons at all below about 20 MeV. 

It 

In the experiment to be discussed here, limits approximately an order of 
magnitude lwer than any previously reported are set on the incidence of solar 
neutrons h the enerqy ranqe above 60 MeV by means of directional measuranents 
of atmospheric protons in the enerqy ranqe 60-320 W V  in a series of balloon 
flights made near the qmqnetic euuator. 
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The Experiment . 
The detector used i n  these studies m n s i s t s  of a twn element Cerenkov- 

2 sc in t i l l a t i on  counter telescope, w i t h  a qecmetrical factor  - 50 st a n  . 
d e t a i l s  of t h i s  telescope and its response to particles of various enerqies 
have been discussed in a nlnnber of publications ( O m s  and W e b b e r ,  1965), and 
w i l l  not be repeated here. Suffice to  say that  t h i s  instrument is capable of 
measurhq the spectrwn of protons i n  the enemy rame frcm 50 &V to 1 Rev, 
and with a su f f i c i en t  countinq r a t e  to determine the spectrum of secondary 
protons produced in the atmsphere as a function of a l t i t ude  even on an eauat- 
orial balloon f l i qh t .  

The 

The observations reported here were made on t m  bal lmn f l i q h t s  launched 
f ran  Tucuman, Arqentina on Auqust 1 ancl Auqust 8 ,  1964. 
was re la t ive ly  quie t  f o r  the  periods of these two f l i uh t s .  
cut-off r i g i d i t y  a t  t h i s  locatmn, ( 2 7 O  S qeocrraphic l a t i t ude  and 65' W qeo- 

graphic longitude) is 12.1 BV. 
sure the integral in tens i ty  of primary protons and heavier nuclei above the cut- 
of f  rigidities appropriate to  this location. 
August 1, the eauipent, pointirq a t  t h e  zenith,  floated a t  an a l t i t u d e  of 
9.2 q/m between 1000-1400 hours local t i m e  a f t e r  first ascendina to an a l t i t -  

ude Correspondinq to  6.5 q/an For the  second f l i q h t  the 

telescope was pointed a t  a constant zenith anqle of 50" and rotated in azimuth 
w i t h  a ro ta t ion  period of 15  minutes. In t h i s  way the e a s t - w e s t  difference in 
cut-off r i g i d i t i e s  near the equator was used to obtain the spectrum of p r h r y  
protons and heavier nuclei  in the ranqe 9.8 - 18.0 BV r iq id i ty .  

2 f loated a t  a ve r t i ca l  depth of 8.6 qian between 1030-1330 hours local t h e  
aftex f i r s t  ascendinq to 5.8 q/an2, s l i qh t ly  hiqher than fo r  the f i r s t  f l i q h t .  

The solar a c t i v i t y  
The qeaMqnetic 

The mam purpse of these f l i q h t s  was  to mea- 

Durinq the first f l i q h t ,  on 

2 
2 residual atmosphere. 

This f l i q h t  

The conditions relatinq to  these t m  f l i a h t s  were part icular ly  advantaq- 
eous for the study of possible e f fec ts  of solar neutrons. 
the year a t  local noon the so lar  zenith mle 1s approxmte ly  45' to the north. 
The opening half anqle of the telescope is - 25'. 
t h e  effective -le of the  telescope with the  respect to  the sun f o r  the t i m e  
period + - 2 hours to  the local noon IS very closely 45O. 

haever, the telescope al ternately points almost d i r ec t ly  a t  the  sun (to the 

north) and 90° to the earth-sun lme (to the south) as it rotates i n  azimuth. 

A t  this t i m e  of 

Thus durinu the  first f l i s h t  

For the second f l i q h t ,  

In this experiment the residual atmosphere above the instrument is used 
as the "detector" of the solar neutrons throuqh the nuclear interact ions and 
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knock-on protons they produce. 
i e n t  as one containinq p r m a r i l y  hydroaen, but t he  secondary effects of the 
neutrons are ac tua l ly  easier to in te rpre t  a t  these hisher enemies .  

relative effects of solar neutrons i n  the mrth point ins  and south pointinq 
telescopes can be estimated by considerinq those s m p l e  co l l i s ions  w i t h  a i r  
nuclei  i n  which an e l a s t i c a l l y  scattered secondary proton anerues. 
energies of the incident neutron and scattered proton and the anqle of gnerq- 
ence of the scattered proton relative to the direction of the incident neutron 
are given by 

This atmospheric "detector" is not as e f f i c -  

The 

The 

E = E cos2 e 
P "  

I n  addition to the increasinq enerqy dearadation with increasinq scatter- 
ing angle the  d i f f e r e n t i a l  scatterinq cross sect ion also decreases rap id ly  
w i t h  increasing scatterinq anqle. 
fran np scatterinq, the north pointinq telescope w i l l  

As a r e s u l t ,  for secordary protons arisinq 
. ''see" solar neutrons 

w i t h  a r e l a t i v e l y  hiqh eff ic iency whereas the south pointina telescope, which 
a t  no t i m e  between 1000 and 1400 hours local t i m e  accepts protons scattered 
with an anqle c 604 w i t h  respect to incident solar neutrons, is ef fec t ive ly  
"blind" to any of these neutrons. 
emitted f r an  interact ions of neutrons with air  nuclei  w i l l  tend to make these 
limits fuzzy but for this later source (which ac tua l ly  dominates a t  the enemies 
discussed here), the protons w i l l  still preserve to a hiqh decree the  d i rec t ion  
of the  incident  neutrons. 
protons with enerqy 
nuclei .  
Results,  In te rpre ta t ion  and Discussion 

Multiple scatterins and secondary protons 

This is par t icu lar ly  t rue  for the  emission of 
60 YeV fran "stars" produced by neutrons incident on a i r  

The d i f f e r e n t i a l  spectra of protons measured durinq the previously mentioned 
time intervals for the  t m  f l i q h t s  are shcm i n  Ficpre 1. 
of the data presented i n  t h i s  f i m e  are w r t h y  of note. 
t h e  vertical f l i gh t ,  vie  note that the in t ens i ty  of (secondary) protons 
has been measured as a function of atmospheric depth on ballm f l i u h t s  

w i t h  this detector pointed ver t ica l ly  a t  5 other  geographic latitudes ranaing 
fran 2 8 O  N to 48" N, when t he  solar zeni th  anqle ranqes f r a n  = 20' to = 6 5 O .  

These measurements have qiven a f a i r l y  m p l e t e  picture on how t h e  secondary 
proton canponent varies with atmospheric depth and par t icu lar ly  with qeanacmetic 
cut-off r i g i d i t y  (and w i l l ,  in fact, be used later to determine the efficiency 
of production of secondary protons i n  t h e  atmosphere by incident solar neutrons). 

Several aspects 
F i r s t  considerinq 



Table I 

!3econdary Proton Intensities in the 
Enerqy Ranqe 60-320 MeV 

Total Nunber of 
secondary Protomi3 

Flight-Direction Observed 

August 1 - vertical 1716 

A m s t  8 - =st 804 

west 636 

north 534 

South 495 

Intensity of 
secondary Protons 

(partic lesfi2-s ter-sec 

26.9 + - 0.8 
33.0 + - 1.1 
40.7 + - 1.5 
34.5 + - 1.6 
37.0 + - 1.8 

I 
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This picture  is consistent w i t h  a l l  of the secondayy protons 
throuqh nuclear interactions of t h e  primary radiat ion i n  the 
or t h r o y h  reentrant albedo protons without the necessity of 

beinq accounted for 
residual atmosphere 
envokinq a further 

zenith angle dependent solar sowce. 
solar some throuqh these arquenents  are naturally most restrictive for mea- 
suranents near the equator where the primary source is snallest. 
that not more than about 30% of the protons observed a t  9.2 a/an 

cal equatorial  f l i s h t  could be due to the solar neutron source. However since 
t h e  limits set by t he  rotatinq f l i q h t  are nearly a factor of 5 lmr than t h i s  
w w i l l  not pursue t h i s  approach further.  

that the  average proton in tens i ty  i n  the  north-south direct ion is sane 30-40% 
higher than for the  vertical directlon. 
growth of secondary protons w i t h  increasinq atrosDheric depth and the fact that 

2 2 t h e  slant depth of the rotatina f l i q h t  w a s  12.9 q/cm a s  opposed to 9.2 q/cm 
for t h e  vertical f l i qh t .  The r a t i o  of - 1.25 for the  west pointins secondary 

proton in tens i ty  to the east pointirq secondary proton in tens i ty  is d i r e c t l y  
related to the differences in  qeanaqnetic cut-offs i n  the t m  directions.  

The limits tha t  one could put on the 

They sqqest 
in the  verti- 2 

In  canprinq the  r e su l t s  of the  ve r t i ca l  and rotatinq f l i q h t s  we notice  

This  is accounted f o r  by the expected 

The most important aspects of the data relevant to the possible presence 
of solar neutrons are the north-south in t ens i t i e s  of secondary protons vhich 
are seen to be approximately equal and to qenerally l ie  i n  between the east- 
west in t ens i t i e s ,  as w u l d  be expected on the basis of the  gemaqnetic cut-offs  
in each direction. 
in the en- in te rva l  60-320 VeV for the  d i f fe ren t  f l i qh t s .  
i n  north-south in t ens i t i e s  in the 60-320 MeV in te rva l  is -2.5 + - 2.4 particles/ 
m -ster-sec. The north in tens i ty  is a l so  consistent with the  in tens i ty  of 36.5 

2 particlesh -ster-sec a t  this s l an t  depth expected on the  basis of the vertical 
f l i g h t  and a linear qruwth with atmospheric depth of the secondary protons; and 
an in t ens i ty  of 38 particles/in -ster-sec determined on the basis of the relative 
cut-off r i g i d i t i e s  in the east, north and west directions.  

Table  I s m i z e s  the total in t ens i t i e s  of secondary protons 
The total difference 

2 

2 

2 

ster-sec in the north direct ion we muld have to conclude that to a confidence 
2 l i m i t  of 2 u not more than 1.0 protons/m -ster-sec i n  the  en- ranqe 60-320 MeV 

t h e  north pointing telescope ( 2 3  % of those actual ly  measured a t  t h i s  depth),  coul 
be produced k y  solar neutrons. 
t h e  protons appearinq i n  each of the north pointing d i f f e ren t i a l  enerqy i n t e rva l s  
that could arise firm solar neutrons. 
d i f f icul t ,  namely to t rans la te  

On the  basis of the measured in tens i ty  of 34.5 t 1.6 secondary protons/m - 

similar arqwnents can be used to set limits on 

The renaininq task is considerably mre 
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Imation 

Kermille, Tex. 

Fayetteville, Ark. 

Minneapolis, Minn. 

Devils Lake, N.D. 

Ely, Minn. 

22.1 

21.2 

19.9 

17.4 

16.5 

15.4 

Table I1 

Energy Dependence of Secondary Proton Production 

in 12.9 g/an of Atmosphere by Primary Nucleons 2 

11.2 

4.6 

2.0 

0.6 

0.4 

0.32 

Secondary Proton 
Cut-Off Enerqy Primary Proton Intensity at 12.9 g/m2 Efficiency 
(Be9 (Protons) Intensity (60-320 MeV) (%I 

2 (particles/m -s ter-sed 

17 0 37.5 

525 112 

1020 207 

1860 323 

2220 368 

2630 405 
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these limiting proton i n t e n s i t i e s  into limits on the f luxes of solar neutrons 
incident on t h e  top  of the  atmosphere. As n o t d  earlier a i r  is not the ideal 

"detector" of neutrons. However a t  the  enemies  considered here,  neutrons 
provide a f a i r l y  e f f i c i e n t  source of secondary protons M u q h  nuclear inter-  
actions with air  nuclei  i n  the 1st few q/m of the atmosphere. 2 

W e  shall strive for a l i m i t  on the solar neutron f lux  accurate to within 
a f ac to r  of ism and beqin by n o t i w  that e s sen t i a l ly  tm mechanims exist 
whereby such neutrons miqht produce protons i n  the atmosphere above the 

detector ,  (1) neutron elastic co l l i s ions  w i t h  a i r  nucleons-leadiw to the 
emission of a s ingle  "scattered" proton and, (2)  nuclear in te rac t ions  of the 

neutrons w i t h  a i r  nuclei  r e s u l t i w  i n  one or mre secondary protons includinq 
one in the enerqy ranqe of our measurement. 
sect ions for mechanisn (1) i n  air  is very inmnple te  i n  the enemy ranqe of 
our interest, as a result it is  impossible to  make a riqorous estimate of the 
magnitude this process. For co l l i s ions  of neutrons With a i r  nuclei ,  mechanism 
(1) is ac tua l ly  a sub-class of the mre qeneral process ( 2 ) .  

only one nucleon, a proton, is emi t ted  and the exci ta t ion  of the residual  nucleus 

Information on t h e  relevant cross 

(Arisinq when 

is negl ig ib le ) .  Process (2)  is amenable to a f a i r l y  r isorous calculat ion by 
taking into account t he  n m b r  a d  mlar di s t r ibu t ion  of secondary protons 
as a function of enerqy resu l t inq  frcm nuclear interact ions of eneruet ic  
nucleons w i t h  a i r  nuclei. 
own measurements of secondary protons in t h e  enerqy range 60-320 MeV as a 
function of gmqne t i c  latitude. 
a function of incident primary (nucleon) enemy f o r  t he  production of secondary 
protons observed a t  a qiven atmospheric depth. 
t h e  y i e ld  function or couplinq coef f ic ien t  approach that is used to relate count- 
ing rates of neutron monitors i n  t h e  atmosphere and near sea level to the  
i n t e n s i t y  of the primary comic radiat ion a t  the top  of the atmosphere (Dorman, 
1957). 

W e  propose another approach, however, u t i l i z i n a  our 

This analysis  r e s u l t s  i n  an "efficiency" as 

It is cunpletely equivalent to 

I n  Table I1 we shuw the r e su l t s  of six vertical f l i q h t s  a t  locat ions w i t h  

The measured i n t ens i ty  cut-off energies for protons rrw 320 MeV to 11.2 BeV. 

of primary protons above the  cut-ff energy 1s shown ( O m s  and Webber, 1965) 
along with t h e  secondary proton in tens i ty  b e e n  60-320 EneVmeasured a t  an 
atmospheric depth of 12.9 q/an . The "efficiency" per incident nucleon for 
ProaUci.ng secondary protons i n  this energy rme a t  th is  depth is shown i n  
the f h l  columr. 

2 

In Fiaure 2 this data is converted into a differential 
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"efficiency" m v e r i m  the p r m r y  nucleon rancle above 320 k V .  
this "efficiency" is a slowly varyina function of pruraary enerqy increasinq 
frun 0.1 a t  320 EneV to  0.2 a t  enemies 10 Rev. 

Althouqh nuclear interact ions of p r m r y  protons are the dominant 

It is seen that 

2 prcducer of secondary protons in the 60-320 E@V enerqy ranqe a t  12.9 q/m 

they are not the sole one. 
are also important and re-entrant albedo protnns make a contrlbution - althouqh 
a t  these depths t h i s  later contribution 1s only 
proton source, (Webber, 1966). Almost 1/2 of a l l  prlmary co,mic ray nucleons 

above a given cut-off r i q i d i t y  are i n  the  form of helium and heavier nuclei  
(Webber, 1966). 
protons, however, because the  r a t i o  of these nuclei  is 2. As a r e s u l t  
these nucleons w i l l  be sanewhat less e f f i c i e n t  than protons m proclucinq se- 
condary protons. 

Nuclear --nteractions of helium and heavier nuclei  

10-20% of the d i r ec t  primary 

The enemy of each of these nucleons is - 1/2 of the  primary 
A 

A t  these enerqies it is qenerally assumed (althoush d i f f i c u l t  to  ver i fy)  
that the nucleons contained fn the heavier nuclei  act independently and t h a t  
secondary proton production by protons and neutrons of the  same enerqy are 
equivalent. 
nuc le i  w i l l  not  be as e f f i c i e n t  per nucleon m creatins secondary protons, i n  
which case the contribution by helium and heavier nuclei  w i l l  be over-estimted. 
W i t h  regard to the  second assumption, Enetroplis et.al. (1958), have presented 
extensive calculat ions of intra-nuclear cascade processes which lead to t h e  

r e s u l t  that p qoinq to p (withm our enerqy ranae) is almost t w i c e  as e f f i c i e n t  
as n qoinq to  p for Al tarqet nuclei (eq. incident protons are mre e f f i c i e n t  
a t  producinq energetic secondary protons whereas incident neutrons are mre l i k e l y  
to  produce enerqet ic  secondary neutrons). 
heavier than AI.; par t ly  because of the  increased n/p ratio i n  the nucleus. 
Hence, although the calculat ions of Pktropolis et.al. do not mver a i r  nuclei  
he may suppose that incident protons are sawwhat less than a fac tor  of two 
more e f f i c i e n t  m a i r  than incident neutrons i n  producinq secondary protons i n  
the energy range of observation. 

I f  the flrst part of this assumption is incorrect  then the heavier 

This favorit ism is enhanced i n  nuclei  

I n  view of the weak dependence of t he  "efficiency" of production of 
secondary protons en 
0.15 as applying to a l l  prirnary nucleon enemies  
duced to approxlmately 0.07 allowinq f o r  t h e  contributions of hel iun aril 

heavier nuclei  and re-entrant albedo protons and the somewfiat lakller "efficiency" 
of neutrons. 

prmry enerqy we shall take a mean "efficiency" of t 

320 PkV. This must be re- . 

(It should be noted that,  takins an in te rac t ion  mean free 
. -  3 
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nucleons in t e rac t  i n  t h e  12-9  ( I /  (7 I' of atmosphere a b v e  the telescop. 

measured "efficiency" of 0-1 Jrripli (1s t h a t  

a t  least one secondary proton i n  t h e  enerqy r q e  60-320 f W ) .  

The 

50% of these interact ions produce 

2 Assuminq now t h a t  - all -_ of t l c  " u p p r  Lmit" of 1 . 0  excess protons/m -ster- 
2 sec a t  12,9 q/an 

gives  an upper Lmit of 15 neiitrcms/m -set * 
to the  real s i tua t ion ,  s i n c e  w s t ~ ~ ~ i l c l  expwt a continuous spectrum of solar 
neutrons a t  the earth extendincr at. least down to enerqies a t  which decay be- 

canes important, For rurt5t:r 1 -,-vi[ l t :  t 3 t I anal pwyxrsd let us  assume a differ-  

e n t i a 1  spectrm of solar neutt ( 11 I.. . , I  1 h( 3 t t h  of the form - E I n  (JE 
order to place llmits on the  c )r 1 I I h i + -  ( (  H I  0 1  neutrons w i t h  less than 320 &V 
energy i n  such a spectrum t o  : - ( '  4 1 ' 1  I I  5' 1 ' 1  nfi ws i n  the 60-320 PeV ranqe we must 
extend the eff ic iency curve ~ ~ ~ ~ : ~ ~ i i t t  4 1 1 - 1  f;'~ciiire 2 to lower enerqies. 

clear that  the eff ic iency shot I i ( l  I 1 1  Y r t 8 I: 

e 320 MeV - reachinq zero  a t  i~ 1 ~ 1  ; o t  60 IfieV, Th i s  decrease in eff ic iency 
should be a t  least as rapid ai- cm'rqy s m p l y  on the basis of the  decreasinq 
energy i n t e rva l  m which the sc.cvnddr:? protons must be produced to  be "counted". 
The dashed line in  Fiqure 2 rc1r)wsents ci decrease m eff ic iency "' E l e 5  below 
320 MeV, that  is the E dt?penc'(.? u P~ a h v e  tunes the slower chanqe in 

reported c8rl i ~ r  i : r c  J K C ~ U C ~  by solar neutrons a b v e  320 PeV 
This is an obvious s implif icat ion 2 

-2 

I t  is 
n v r e  rapidly with enerqy for neutrons 

e f f ic iency  with enerqy obsei-t.1 ' ' \  / "  ! I  

*The conversion frm the ric : u i - < ~ <  Jmits on the d i r e c t i o n a l  in tens i ty  of 
protons to the l imi t inq  unidirec*ti.onaJ in tens i ty  of neutrons a t  the top of the 
atmosphere is fur ther  complicated by the ''qecmetry" of the neutron detect ion,  
The conversion factor between protons/rn2-ster-sec and neutrons/m2- sec in the 
particular measurment we have made m u s t  l ie  bet- the extreme llmits of 
0,3 a d  7, The value of . mulC! drise i f  our detector e r e  mi-directional 
and had an equal eff ic iency for detection i n  all direct ions.  
not  the case.. The factor ot 0 .3  mule? r e s u l t  if a l l  parts of the total area 
of % 150 an2  of the first detector elanent i n  the telescope were ecrually e f f i c -  
i e n t  i n  detectinq neutrons passinq throuqh i t .  Such a circumstance w u l d  arise 
only i f  t he  neutrons were d e t e c t d  within the  euuipnent 
no t  t h e  case here and is mention& only to i l l u s t r a t e  the m l n b  l i m i t  for t h e  
conversion factor. I n  our case, where neutron detect ion is ac tua l ly  accomplishd 
i n  the atmosphere above the detec-tor we need to  estimate an anqular "detection" 
s e n s i t i v i t y  in order to convert I he directior.al  (steradian) proton in tens i ty  mea- 
surement to the unidLlrectiona! ron f lux. Rase2 on our earlier arqments we 
take a s e n s i t i v i t y  * cos 2 w w1 I :P the a7rvJ-e w i t h  respect  to the incident 
neutron. Integrat ion over ti? t ~ g ' r  11 t~111sph~re  for a unidirectional source qives 
an effective solid anqle of i r ~ ~ , t c a d  of :( tor an awle independent souLy=e. For 
s impl ic i ty  and i n  view of the , t r 7 1  'v+ fuzziness i n  d i r ec t iona l i t y  introduced by 
the ContinUOusly rotatinq te lcx ,cc l -yc?  b.v liavc taken a conversion factor of 1. 

This is c l e a r l y  

It is also c l ea r ly  



MeV, we obtain 

This l i m i t -  
. 100 MeV implied by 

I 
spectrum 1 s  s'il)3n !.n Ficrure 3 The mteqral f lux above 
t h i s  spect :I 1 A . 3  ,!! ~~.~;itrons/m -sec. IWi f i ca t ion  of 2 

' .  line in the  figure.. 

Limits on the  solar neutioil iricenslty that  can be set i n  t m  lower enerqy 

ranges, 60-100 W V  and 100-16;O M V ,  are also of in t e re s t ,  Util izinq the  
e f f ic ienc ies  presented 111 Figure 2 and assumhq separately that the ob- 
protons are produced only by solar neutrons m each of these tm enemy ranges 
vie a r r i v e  a t  upper l imi t s  of 125 neutrons/m*-sec and 75 neutrons/m -sec res- 2 

pectively m each of these enerqy ranqes, 
Figure 3. 

These limits are a l so  shown i n  

The data  we have presented m this paper are ccmpared i n  F i w e  3 With 
t h e  most de f in i t i ve  experimental r e su l t s  on (suiet time) solar neutrons a t  t h e  
earth obtained to date-  Also shown are the  limits between 20 and 80 PkV set 
by E l o f  (1966), on the  basis of a t t r ibu t inq  l o w  enerqy protons measured i n  
interplanetary space to the ckcay of ,wlar neutrons m u t e  to the  earth. 
l i m i t s  are a t  least 3 or 4 o 6 

measurmmt b e l o w  80 PeV anc7  i-l:st be reqarGx? as realistic within our present 
understandiq of the  propaqatjon of 13w enemy particles in the  interplanetary 
magnetic fields, 

that the typical quiet t i m e  peak d i f f e ren t i a l  fntensi ty  a t  = 100 IQV is not 
l i k e l y  to exceed O.l/m -sec and could concievably be less than O . O l / m  -sec 

a t  this enerqy - depending on the shape of the  spectrum a t  the  earth. 

of solar neutrons vis-a-vis  the l m i t s  on solar .prays h the 1-10 EneV ranqe 
as recently reported k y  Peterson et-al.. (1966) 

These 
- ( - 7 t  macrniti:-'e lmer than any d i r e c t  expermental  

mupled mth ow measureients a t  higher enerqies they suqqest 

2 2 

Finally we should l i k e  to r m k  reqardinq the  limits on the  in tens i ty  

In  t h e  absence of any active nuclear processes producinq either enerqetic 
neutrons or y-rays on the  sunp an albedo flux of these particles from the sun 
wuld nevertheless be expected on the basis of the  interact ions of galactic 



" 10 - 
cosmic rays in the solar atxmsphere- An upper l i m i t  to this albedo flux may 

be obtained by following Petersm e t  a l -  (1966) and assminu that the intensity 
of galactic cosmic rays a t  th( 1 "  ,itrimp1.ere is equal t o  that  over the 
polar regions of the earth. COI~L,  .iii!ently t h e  albedo fluxes directly above the 
solar atmosphere and the earths atn:x@ere will be canparable as w e l l .  
estimate an albedo neutron 
the earth-based on known albedo proton flux a t  this enerqy ( W e b b e r ,  1966)" 

Since the sun subtends a solid =le 5 lop4 of a steradian a t  the earth, this 
measured intensity l i m i t  is still a factor 
source a t  the earth. 
into account the expected spectnnn of albedo neutrons and their decay m u t e  
to the earth, 
t imes the (upper limit) expected neutron albedo a t  the sun and therefore a 
factor of only 3 above this expected source limit a t  the earth. 

I n  canparison to this, Peterson e t ,a l ,  (19661, set a l i m l t  on the y-ray 

flux f r a n  the sun a t  1 MeV whicli is a factor = 20 below the possible (solar) 
albedo flux a t  this energy a t  the sun-and. consequently a factor of = 500 above 

W e  
2 flux *: 5/m aster-sec a t  100 MeV over the poles a t  

* The measured limit on solar neutrons a t  this enerqy is a factor of 25 below this. 

400 above the possible sola  albedo 
Similar arqunents can be mvoked a t  other enemies-takhq 

For example, the l m i t  set by Roelof a t  30 MeV is sone 3 x 

this  expected source l i m i t  a t  the ecirth- 
It would seem f r a n  the above discussion that the concensus of present 

neutron and y-ray measurments is consistent with the sun playinq a rather 
passive role in the production of high energy neutrons and y-rays-at least 
a t  quiet times. 
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Figure 1 Differential intensities of secondary protons in the enemy ranqe 
60-320 m V  measur& at Tucuman, Amentina (Pc = 12.1 BV) e 
fliqht (V) , depth 9.2 q/on2 $: 

Vertical 
Rotatins fliqht, slant depth 12.9 
: N o r t h  (N) +; South (S) 0 ' 4  2 1 

1 
q/m. , west (W) c ,  ; Eas t  (E) 

Figure 2 Efficiency for proiluctlon of secondary protons betmen 60 and. 320 &V 
at 12.9 q/cm atmospheric depth as a function of primary proton (nucl- 
eon) enerqy. 

Recent limits on t h e  6 i f f e r e n t i a l  intensities of solar neutrons at 
the earth. (1) Ram(. cLnf '  Asbridqe (1966); (2) Apparao et.&. (1966); 
(3) Faelof, (1966) See text for explanation of results labeled 

2 

Figure 3 
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